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Figure 11: Response starting time and bit duration of 9 COTS
tags.

also test with programmable RFIDs (WISP tags in Figure 10(c))
which implement the same commodity protocol. The reader sends
QUERY commands and specifies the frame length f to be 1 by set-
ting the contention parameter Q to 0 (f = 29) [1]. Receiving such
commands, the tags respond concurrently with RN16 packets, each
consisting of a preamble followed by a 16-bit random payload. The
RN16 packets are encoded with either the FMO or Miller encoding
scheme as specified by the reader in the QUERY commands. The
backscatter link frequency (BLF) is specified as 100kHz.

We evaluate BiGroup in comparison with the following RFID
concurrent transmission schemes.

e LA (linear addition) based decoding scheme: The approach
[28] recovers tag collisions assuming that tags’ channel coeffi-
cients remain static in different collision states. It assumes the
linear dependency among cluster centroids to determine colli-
sion states and consequently does not perform well in practical
scenarios. We compare the performance of BiGroup and the LA
scheme in decoding the programmable tags.

e Buzz: Buzz [31] requires tight synchronization among tags so
that the bit alignment can be guaranteed for successful decoding.
The channel coefficient of each tag is individually measured, as-
suming that the channel coefficients would linearly combine at
the reader during concurrent transmissions. As a result, Buzz
cannot decode COTS tags within C1G2 framework. We com-
pare BiGroup with Buzz in trace-driven simulations of decoding
ideally synchronized tags. The maximum data rate of Buzz is
specified the same as BiGroup.

e BST: In BST [12], the response delay and the bit duration of
each tag are pre-assigned by the reader. BST does not conform to
C1G2 standard either. We compare BiGroup with BST in trace-
driven simulations. We tune parameters of BST (e.g., its signal
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(c) Separated reflection states for the two tags.

Figure 12: Decoding two COTS tags using BiGroup.

edge detection threshold, “sentinel” bits, etc.) and report its op-

timum performance.

4.1 Decoding COTS Tags

Characterizing COTS tag unsynchronization. We first ex-
periment with the ALN-9640 Squiggle COTS tags. We randomly
choose 9 tags of the same batch (labeled as tag 1 — 9) and measure
their response delays and bit durations. We plot the measured ratio
of starting time offset and bit duration offset in Figure 11(a) and
Figure 11(b), respectively. We see that different tags have different
response delays and bit durations, which result in bit misalignment
and non-overlapped state transition boundaries. In particular, the
response delay offset and the bit duration offset (normalized by pe-
riod) can be up to 30% and 1% for each bit, respectively. We also
observe similar tag diversities among other tag batches. Although
the misalignment due to tag diversities was generally considered
harmful in previous schemes [4, 31], BiGroup leverages such in-
herent properties to detect bit boundaries and bootstrap bipartite
grouping.

Decoding COTS tags. We experiment with COTS tags and il-
lustrate the process of BiGroup decoding. Figure 12 presents an
example of decoding 2 colliding tags. BiGroup first clusters the re-
ceived samples on the [-Q plane into 4 clusters labeled in different
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Figure 14: CDF for successfully decoded packets of different schemes with different numbers of colliding tags.

colors as Figure 12(a) depicts. Each cluster represents one collision
state. To better understand cluster transitions in time domain, we
plot in Figure 12(b) the cluster label of each symbol sample during
a time period of 500us.

By combining the observed time domain state transitions and
state flippings at bit boundaries, BiGroup performs bipartite group-
ing. As a result, cluster 3 and 4 represent “H” state of tag 1, and
cluster 1 and 2 represent its “L” state, respectively. Similarly, Bi-
Group decodes tag 2 by grouping cluster 2 and 4 which represent
state “H”, and cluster 1 and 3 which represent state “L”, respec-
tively. In Figure 12(c), we see that BiGroup separates the individ-
ual signals for the two tags from the collision. After the separation,
each stream of “H” and “L” states can be decoded to bits by a con-
ventional threshold-based decoder.

In our experiment, BiGroup is able to decode all RN16 pack-
ets replied from COTS tags to the QUERY command. One RN16
packet includes a predefined 22-bit Miller preamble, followed by a
random 16-bit data payload which was instantaneously generated
at the tag. While we have no ground truth to assess the decoded
random data payloads, our experiment shows that BiGroup can cor-
rectly recover the fixed 22-bit Miller preambles in most cases.

4.2 Decoding C1G2 Programmable Tags

For more detailed evaluation of BiGroup decoding performance,
we experiment with programmable passive RFID tags that imple-
ment the commodity C1G2 protocol [1]. In particular, we generate
random bits offline and load them into WISP tags (Figure 10(c)) as
RN16 data payloads that serve as ground truths.

We compare the performance of BiGroup and LA based decod-
ing scheme [28] in decoding the WISP tags. We experiment with 2
— 5 tags which respond concurrently to QUERY commands. We re-
peat the experiment with varied number of tags for 500 times. For
each measurement, we vary the channel conditions by manually
placing the tags in different locations. The experiment is carried
out both during the daytime with people moving around as well
as in the relatively stable settings. We evaluate two performance
metrics: the BER (Bit Error Rate) and the number of successfully
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decoded packets. We measure the BER to evaluate the collision
recovery capability. We also measure the number of successfully
decoded packets in each concurrent transmission to evaluate the
goodput.

BER. Figure 13 plots the CDFs of BERs for different numbers of
colliding tags. In case of collisions, a recovery scheme may decode
and output one or more packets. We compare each output packet
with the transmitted packets and record the minimum BER. The
BER of undecoded packet is set to 0.5. We measure the average
BERs of all packets and report this average.

In Figure 13, we see that BiGroup greatly outperforms the LA
based decoding scheme. When three tags transmit concurrently,
more than 70% of collisions have 0 bit errors in BiGroup, while
less than 10% have 0 bit errors in the LA based scheme. Around
40% of cases have 0 bit errors in BiGroup when four tags transmit
concurrently, and around 20% have an average BER below 0.05 in
BiGroup when five tags transmit concurrently. In contrast, the low-
est average BERs when four and five tags collide for the LA based
scheme are much higher (>0.1 BERs for all collisions). BiGroup
achieves much lower BERs compared with the LA based scheme,
because BiGroup tolerates the variation of channel coefficients and
does not assume the linear dependency of signal combinations in
practice.

Number of successfully decoding. Figure 14 plots the CDFs of
successfully decoded packets of BiGroup and the LA based scheme
in each collision.

We see that BiGroup significantly outperforms the LA based
scheme, especially with more colliding tags. When two tags col-
lide, BiGroup decodes both for 99% of collisions, while the LA
based scheme decodes the two tags in only 70%. When three tags
collide, BiGroup decodes all three tags in around 71% of cases, and
two tags in around 22%, while the LA based scheme decodes the
same number of tags in only 11% and 55%, respectively. When
four tags collide, BiGroup decodes all four tags in around 42% of
collisions, three tags in around 33%, and two tags in around 25%,
while the LA based scheme is only able to decode at most two tags
(in around 62%). When five tags collide, BiGroup decodes all five
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Figure 15: SSR and its influence to bit error rates.

tags in around 5% of collisions, four tags in around 20%, and three
tags in around 25%, while the LA scheme is only able to decode at
most two tags (in less than 5%). For more than 60% cases in the
LA based scheme for five tags, no packets can be successfully de-
coded. Overall, for the concurrent transmissions of more than two
tags, BiGroup is able to successfully decode 11x more concurrent
transmissions than the LA scheme.

4.3 Trace-driven Evaluation for Non-standard
Tags

We perform the trace-driven evaluation to compare BiGroup with
Buzz and BST. The collision decoding performance is mainly in-
fluenced by the following factors: the noise level and the level of
cluster non-linear dependency influenced by channel coefficients.

To investigate channel coefficient distributions in practice, we
first characterise the backscatter channel of multiple tags using the
SDR testbed. In particular, the WISP tags are programmed to
backscatter known preambles and payloads, so we can directly iden-
tify the states of all the tags in each symbol cluster. We measure
how the centroids of the collided symbol clusters are shifted away
from the linear combinations of individually backscattered sym-
bols. We quantify based on such shift to signal ratio (SSR) the non-
linear dependency, which is the ratio of the shift of cluster centroid
to the average signal strength. Figure 15(a) plots the distribution of
measured SSRs in all experiments. We expect a small SSR (e.g.,
-16dB) if the non-linear dependency is weak, and a big SSR (e.g.,
0dB) if the non-linear dependency is strong. According to our mea-
surements, we see that SSR ranges from -16dB to 5dB, with major-
ity of SSRs (>70%) concentrated in the range from -6dB to -2dB.

Performance comparison. We then let the SDR reader QUERY
the programmed tags and record the traces of backscattered signals
in 1000 rounds. Following the protocol specifications of Buzz and
BST, we synthesize the collected signals of up to five tags and test
the performance of different protocols. We take into consideration
the non-linear dependency and incorporate the SSR in the tests.

In Figure 15(b), we display BERs of different decoding schemes
with varied SSRs for concurrent transmissions of four tags. We
fix the SNR to 24dB. The result suggests that the performance of
Buzz is highly related to the SSR. The BER of Buzz significantly
increases from 103 to 0.5 when the SSR changes from -16dB to
5dB. In contrast, the BERs of BST and BiGroup remain compar-
atively stable across different SSRs. BiGroup consistently outper-
forms BST by one order of magnitude.

We further compare the decoding schemes with different number
of colliding tags and under different SNRs and plot the results in
Figure 16. SSR is fixed at -4dB. Comparing BiGroup and Buzz, we
see that Buzz cannot achieve low BER even with high SNRs (e.g.,
25 —35dB), while the BER of BiGroup decreases with higher SNRs

509

SNR=10dB | SNR=20dB | SNR=30dB
Two Buzz 90.6 98.7 99.0
tags BST 84.3 104.8 105.8
BiGroup 91.8 125.8 128.0
Three Buzz 119.4 143.0 145.0
tags BST 92.5 148.6 155.1
BiGroup 113.8 180.8 192.0
Four Buzz 140.2 178.7 184.2
(ags BST 103.5 166.0 196.2
BiGroup 137.6 224.8 256.0
Five Buzz 155.9 203.8 213.3
tags BST 125.4 172.5 2453
BiGroup 162.4 236.3 320.0

Table 1: Goodput of different schemes (kbps).

and reaches 0 when the SNR is around 25dB. Comparing Figure 16
(a) — (d), we find that the lowest BER of Buzz increases as the num-
ber of tags increases, suggesting more severe performance degrada-
tion due to stronger non-linear dependency with more tags. We no-
tice that Buzz has a slightly lower BER than BiGroup at low SNRs
(e.g., 5 — 20dB), where the noise level is too high for BiGroup’s
clustering algorithm. The BER provided by Buzz in such cases
(e.g., 0.1 for four tags), however, cannot support reliable transmis-
sions.

BiGroup also consistently provides better performance compared
with BST. A 3 — 4dB SNR gain is achieved by BiGroup for low
BER situations. The reason is that BST measures the distance be-
tween consecutive symbols to detect a signal edge (bit value transi-
tion). Due to noises, such signal edges may not be accurately cap-
tured. BiGroup only requires majority of the bit boundaries to be
identified for the purposes of bipartite grouping, while each mis-
detected signal edge in BST may cause bit error(s). BiGroup is
inherently more robust to noises.

In Table 1, we present the goodput of different schemes in dif-
ferent channel conditions. We calculate the goodput from the cor-
rectly decoded information bits over the total communication time.
The data transmission rate of each tag is 64 kbps. We observe that
BiGroup’s gain over Buzz and BST in goodput is even larger than
the gain in BER. Unlike BiGroup which requires zero communica-
tion overhead, Buzz spends extra time in identification and channel
measurement, and BST transmits extra “sentinel” bits and needs
to retransmit when signal edges overlap. BiGroup provides up to
1.4x and 1.5x goodput gain over BST and Buzz, respectively.

4.4 BiGroup for EPC Tag Identification

We study how BiGroup may benefit the EPC tag identification
by decoding RN16 parallel transmissions. We use the SDR reader
to QUERY 8 C1G2 passive tags. The frame length is set to 4. In an
arbitrary collision slot, BiGroup tries to recover at least one RN16
packet out of the collision and then the corresponding tag is ACKed
for identification. The read rate is calculated as the average num-
ber of identified tags in one second. According to the experimen-
tal results, the read rate of the enhanced EPC using BiGroup is
around 11.6 tags/second, while the read rate of the conventional
EPC is 3.7 tags/second. Note that we conduct experiments with
the USRP/GnuRadio testbed which has a lower read rate than most
commercial readers due to the communication delay between the
USRP device and the PC. Nevertheless, we see 3x performance
improvement when BiGroup is applied in the reader to enhance the
EPC procedure. Higher performance gain is expected if BiGroup is
implemented in hardware of commercial readers.

We now investigate the performance gain with a larger number
of tags. In this simulation, the reader is capable of decoding RN16
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Figure 17: BiGroup speeds up EPC tag identification.

collisions of up to five tags and subsequently ACK these colliding
tags. We use the time traces measured in our SDR testbed to cal-
culate read rate. We first plot in Figure 17(a) the read rate of EPC
identification with and without BiGroup for 200 tags (frame length
from 0 to 300). We observe that the enhanced EPC using BiGroup
achieves a maximum read rate of 32.6 tags/second, when frame
length is 55. On the other hand, the maximum read rate of con-
ventional EPC is only 5.2 tags/second, when frame length is 200.
The performance gain in maximum achievable tag read rate by us-
ing BiGroup in EPC identification is thus 6.3 for 200 tags. We
further plot in Figure 17(b) the gain in tag read rate for varied tag
numbers from 50 — 10000. The result demonstrates that consistent
6 to 6.5x gain is achieved by BiGroup for a large scale of RFID
tags.

S. RELATED WORK

A variety of approaches have been proposed to enable multiple
access in RFID communications. Existing commodity RFID sys-
tems typically adopt the frame slotted aloha scheme [1] or the tree-
based arbitration [17, 29]. Besides the TDMA based approaches,
FDMA/SDMA/CDMA based approaches [19, 20, 23, 36] have also
been explored to avoid concurrent tag transmissions in the same
collision domain, which incurs high coordination overhead.

Recent works improve communication efficiency by supporting
concurrent backscatter transmissions. Buzz [31] identifies all tags
and decodes tag collisions bit by bit. It assumes the linear combi-
nation of reflecting tags’ channel coefficients independent of coex-
isting tags. Buzz also requires the bit-level synchronization among
tags as well as channel measurements which are not supported by
COTS tags. The linear addition based scheme proposed in [28] also
assumes the linear dependency among symbol clusters to map sym-
bol clusters to collision states. Some designs [3, 4, 16] require the
knowledge of channel coefficients (e.g. using predefined pream-
bles) and stringent tag synchronization to recover collisions of up to
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two concurrent tags. The scheme [10] theoretically explores to ex-
tract tags with strong signals by correlating with known preambles.
A most recent work BST [12] detects signal edges when distances
between consecutive symbols exceed a predefined threshold and
separates signal edges of multiple tags. BST, however, requires the
tags to transmit with assigned initial offsets and bit durations and
insert known bits at specific intervals in data packets, all of which
are not supported by COTS tags. Some other works assign orthog-
onal codes to RN16 packets [14, 18] to recover collisions, which
are application specific and non-standard. Unlike all these works,
BiGroup aims to recover collisions without modifying COTS tags
and provide general decoding benefits within EPC C1G2 frame-
work. To the best of our knowledge, BiGroup is the first effort
made to target such a goal.

Some other recent works explore using higher order modulation
schemes to improve single tag transmission rate [5, 30], which pro-
vides another way of improving RFID communication throughput.
Nevertheless, higher order modulations require more complex tag
circuits, higher power supply, and are not compatible with existing
EPC standards.

It is demonstrated that battery-free devices (similar to COTS
tags) can harvest energy and communicate by backscattering am-
bient RF signals from TV, cellular [21], and WiFi stations [15].
Moreover, backscatter networks can benefit from multi-antenna de-
signs [24], advanced coding mechanisms [24] and full-duplex com-
munications [22]. BiGroup is motivated to enable concurrent trans-
missions for backscatter devices and orthogonal to those works.

6. CONCLUSION

BiGroup enables parallel transmissions and decoding without
any extension to COTS RFID tags. To achieve this, BiGroup ex-
ploits the RFID upper-layer communication patterns and leverages
bipartite grouping to substantially improve the performance of phys-
ical layer collision recovery. BiGroup does not require modifi-
cations to C1G2 logics on COTS tags, channel measurements, or
stringent time synchronization. We experiment on the software de-
fined testbed and the results show that BiGroup significantly im-
proves performance of COTS RFID systems in comparison with
other alternative schemes and directly benefits the C1G2 frame-
work. Future work includes further study on scalability of our
scheme as well as hardware speedup for better time efficiency.
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